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ABSTRACT
Recently MnBi magnetic material attracts a large attention due to its potential for hightemperature permanent magnetic applications. Although its sponatenous magnetization is
moderate, Ms ~ 74 emu/g but its large coercivity, iHc > 10 kOe, which results in the theoretical
value of energy product (BH)max 16.8 MGOe. The MnBi single phase is difficult to be prepared
by using conventional techniques, such as the arc-melting, melt-spinning and sintering because
of the big difference between the melting temperatures of Bi (544 K) and Mn (1519 K).
Furthermore, the magnetic properties of magnets are strongly dependent on processing. The heat
treatment of arc-melted alloys, the ball milling of annealed alloys, and the bulk magnets
fabrication were found to have large effects on (BH)max of MnBi magnets. In this work, we
report the effects of decomposition of MnBi low temperature phase (LTP) into Bi and Mn during
low-energy ball milling (LEBM) carried out in xylene and silicon oil protection solvent
environments and its influence on the magnetic properties of MnBi as-milled powders. In both
solvents, by LEBM for 120 - 150 min, MnBi arc-melted and annealed alloys were ground into
fine particles of 0.5 – 5 µm to increase iHc up to 5 kOe. By LEBM for 120 min, the viscous
silicon oil constrained the decomposition of MnBi (LTP) keeping Ms around 56 emu/g instead of
42 emu/g of in-xylene LEBM powders.
Keywords: Low-energy ball milling (LEBM), xylene and silicon oil, MnBi powders, MnBi
(LTP), magnetic properties.
1. INTRODUCTION
Nowadays, permanent magnets are continuously used in various applications like power
generation, traction motor, DC motor, magnetic resonance imaging (MRI) technique, etc. [1-3].
It is accepted that the high performance of permanent magnets are usually due to the magnetism
of the rare earth elements present in the composition of magnets. However, the 2011 rare earth
supply crisis led to six-time price increase of Nd and Dy [4], two elements required for
producing NdFeB-based magnets, make the development of rare-earth-free permanent magnets
becoming important.
MnBi-based hard magnetic materials have been investigated since the early 1950s [5],
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however over the past 60 years the quality of MnBi bulk magnets is restricted by the value of 8.4
MGOe [6] that is far below the theoretical limit of 16.8 MGOe [7]. The MnBi material owns the
spontaneous magnetization Ms of 74 emu/g, the high magneto-crystalline energy Ka of 0.9
MJ/m3, the elevated Curie temperature Tc of 360 oC and especially, the positive temperature
coefficient of coercivity d(iHc)/dT > 0. These features make MnBi-based magnets promising for
high-temperature applications [8].
Commonly, to prepare the high-performance permanent magnets, the green magnetic
powders (the as-milled powder used for magnet preparations) must be of high Ms and large iHc.
It has been observed [9-11] that the high-energy ball-milling process necessary to enhance
coercivity iHc is assisted by the reduction of Ms due to the decomposition of MnBi (LTP). Some
other methods were also used to prepare high coercive MnBi green powders such as the
mechanochemical synthesis method [12], direct chemical synthesis of MnBi particles [13]; but
the they are assisted by the low value of Ms ~20 emu/g.
The fact mentioned in previous publication [14] for preparing high-performance MnBi
magnet show that the green MnBi powders have to own Ms > 60 emu/g and particle size must be
about 500 nm to keep iHc high.
In this paper, we report our investigation in preparing high-magnetization and submicron
MnBi particles using low-energy ball milling (LEBM) in solvents of xylene and silicon oil.
2. EXPERIMENTAL
The alloys with nominal compositions of Mn50Bi50 were arc-melted from the starting highpurity 99.9 % metals Mn and Bi under argon atmosphere. The ingots were melted three times to
ensure their homogeneity and annealed at 290 oC for 20 h in an argon flow. These pre-alloys
were milled by LEBM technique functioned with 6 mm hard steel balls in appropriate solvents,
namely xylene and silicon oil. The batch amount of pre-alloys was kept around 5 g, the weigh
ratio of balls:powders was 10:1. The phases of pre-alloy and ball-milling powders were
determined by using D8 advance Brucker X-ray diffractometer (XRD) with Cu-K radiation
with the scattering angle 2 scan in the range from 20 to 80 degrees by the scanning step of
0.05° for 2 s. The phase composition and size crystallite were analyzed by means of Rietveld
refinement of XRD patterns for all the diffraction peaks by using the Crystal Impact - Software
for Chemists and Material Scientists and the method of the instant determination of MnBi (LTP)
content presented in the previous work [15]. The morphology of powders was studied by using
scanning electron microscopy (SEM). The hysteresis loops of prepared MnBi powders were
measured by pulse field magnetometer (PFM) with the maximal magnetized magnetic field
Hmax = 50 kOe.
3. RESULTS AND DISCUSSION
Figure 1 plots the XRD pattern of the MnBi crushed arc-melted and annealed alloy before
the milling process. All the peaks belong to the phases of Mn, Bi and MnBi. The main peaks of
Bi(012) and LTP-MnBi(101) are located at 27.16 and 28.14 degrees, respectively. The MnBi
(LTP) content calculated by Rietveld refinement equals 95 %wt. The main peak of Mn(411) at
43.02 degrees is not observable. The size of MnBi particles are about 10 30 µm as seen in the
sketched SEM graph.
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Figure 1. The XRD pattern treated by the Rietveld refinement procedure of the handly crushed
arc-melted and annealed MnBi alloy. Its SEM graph is shown in the inset.

To prepare green powders for making magnets, the crushed powders were subjected to the
in-solvent LEBM process. As a solvent, xylene is the first choice because of its anti-oxidation
ability and relatively high boiling temperature ( 140 oC).
The XRD patterns plotted in Fig. 2 show the milling-time dependent changes of the
intensities of the diffraction peaks of MnBi and Bi. It is observed that the peak intensity ratio, α
= IMnBi(101)/IBi(012), decreases by increasing the milling time which corresponds with the decrease
of MnBi LTP contents.
By using this ratio α and the method of the MnBi LTP content ( ) determination described
in [15]. One estimates that the MnBi LTP of the powders milled for 0, 120 and 150 min are 95.0,
74.6 and 51 %wt, respectively.
γ = 44.6+51.3logα

Figure 2. XRD patterns of MnBi in-xylene milling powders for: a) t = 0 min;
b) t = 120 min; c) t = 150 min.
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This MnBi (LTP) content reduction is caused by the decomposition of MnBi (LTP) into Bi
and Mn phases leading to the observation of Mn peak located on the XRD pattern of the 150 min
milling powders as seen on the curve c) of Fig. 2. It is worthy to note that the xylene solvent
protects well the milling powders from the oxidation, so the XRD patterns are free of any peaks
of Mn oxides which can be easily formed during the normal milling process.
The observed effect of the MnBi LTP decomposition is the main restriction causing the low
performance of the milled MnBi powders. Once the milling process can not be skipped in order
to increase iHc, the decomposition effect occurred during the milling reduces significantly Ms, so
the green MnBi powders for making magnets are of low energy product (BH)max.
This feature is reflected clearly on the Fig. 3, which plots the PFM-measured loops and the
Ms as well iHc of the powder samples milled for 0 180 min. After 180 min of milling, the
coercivity iHc is increased from 2.1 to 5.8 kOe due to the refinement of the particle size from 20
m to 1 m as shown in Fig. 4. This coercivity enhancement is paid by the reduction of the
magnetization Ms from 64 emu/g to around 30 emu/g.

B)

A)

Figure 3. A) M(H) loops of MnBi powders milled in xylene for: a) t = 0 min; b) t = 30 min; c) t = 60 min;
d) t = 90 min; e) t = 120 min; f) t = 150 min; g) t = 180 min.
B) The summary of Ms in emu/g and in kG and iHc in kOe dependent on the milling times. The arrow
indicates the balance point between Ms,b and iHc,b.

a)

b)

Figure 4. SEM images of MnBi powders miled in xylene for: a) t = 0 min; b) t = 180 min.
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The (BH)max of milled powders is estimated by the model of single particle having the
Rontghen mass density of 9.042 g/cm3 of MnBi (LTP) phase; the perfect texture leading to the
ratio Mr = Ms, where Mr is the remanent magnetization; the perfect squareness allowing bHc =
iHc, where bHc is the induction coercivity. In the framework of these suggestions, the energy
product of powders is calculated as:
(BH)max = (Ms,b(kG) iHc,b(kOe))/4
here Ms,b and iHc,b are the balanced value of Ms and iHc determined by their intersect as indicated
by the arrow in Fig. 3(B) and the magnetization measured in emu/g has been converted into kG
by using the above said mass density. This intersect point for the case of in-xylene LTBM
powders corresponds to the milling time of 120 min. and the (BH)max of the milled powders is
estimated equal 4.75 (kG) 4.75 (kOe)/4 = 5.64 MGOe.
Although the mechanism of the decomposition effect is not understood, but it can be
though that the mechanical energy of milling can give raise the motion of the Mn atoms inside
the MnBi (LTP) unit cells thus disturbs the energy balance between Bi and Mn atoms leading to
the release of Bi and Mn atoms from the unit cells of MnBi (LTP) to conserve the energy
minimum state of the system.
To check this idea, the more viscous solvent as silicon oil was chosen to replace xylene.
The optimal milling time was kept equal 120 min. The resultant powders have the morphology
presented in Fig. 5. The milled particle size distribution has the peaked value at 1.5 m with the
long tail in the direction of big size.

A)

B)

Figure 5. SEM image (A) and the particle distribution of MnBi powders after milling
in silicon oil for t = 120 min.

The quality of in-silicon-oil milled powders can be determined from the loops plotted on
the Fig. 6. It was observed that the higher viscosity helped braking the decomposition process
and kept Ms equal 5.45 kG after 150 min LTBM for reaching iHc = 5 kOe. The milling time for
reaching the balance between Ms and iHc was shifted from the value of 120 min for the in-xylene
LTBM powders to 160 min for the in-silicon-oil LTBM powders. The constrained decrease of
Ms improved the performance of the in-silicon-oil LTBM powders with the balanced Ms,b = 5.2
kG and iHc = 5.2 kOe, thus the (BH)max is up to 6.76 MGOe instead of 5.64 MGOe of the inxylene LTBM powders.
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B)

A)

Figure 6. A) M(H) loops of MnBi powders milled in silicon oil for: a) t = 0 min; b) t = 30 min;
c) t = 60 min; d) t = 90 min; e) t = 120 min; f) t = 150 min; B) The summary of Ms and iHc dependent on
the milling times. The arrow indicates the balance point between Ms,b and iHc,b.

4. CONCLUSION
In this paper, we have investigated the effect of the solvent (xylene and silicon oil) assisted
low energy ball milling in preparing MnBi powders. As a rule, the ball-milling process is
required for producing the highly coercive green compaction powders which will be used for
making anisotropic bulk magnets. However, in the case of MnBi, the increase of coercivity
caused by the milling process is paid by the decrease of the spontaneous magnetization due to
the MnBi (LTP) decomposition effect. It has been shown that this MnBi (LTP) decomposition
into Bi and Mn during the low energy ball-milling process is very crucial effect which decreases
the MnBi (LTP) content reducing Ms and consequently (BH)max of green MnBi powders. This
effect has been examined by milling in the different protection solvent environments such as
xylene and silicon oil and revealed that the more viscous solvent can constrain the
decomposition effect. So, for 120 min of milling, the optimal values of the coercivity iHc and
magnetization Ms achieved 4.5 kOe and 56 emu/g for in-silicon-oil LEBM in comparison with
that of 4.8 kOe and 42 emu/g for in-xylene LEBM powders. The constrained reduction of Ms
improved the balance between Ms and iHc leading to improved (BH)max of in-silicon-oil LEBM
powders. We believe that the LEBM combined with the suitable viscous and low temperature
milling solvent are the key for further improvement of the quality of the massive production
green MnBi powders.
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